Background Romiplostim, a thrombopoietin receptor agonist (TPOra), is a second-line medical treatment option for adults with chronic immune thrombocytopenia (ITP). Clinical trials have shown that romiplostim increases platelet counts, while reducing the risk of bleeding and, in turn, the need for costly rescue medications. Aims The objective of this study was to assess the cost effectiveness of romiplostim in the treatment of adult ITP in Ireland, in comparison with eltrombopag and the medical standard of care (SoC). Methods A lifetime treatment-sequence cost-utility Markov model with embedded decision tree was developed from an Irish healthcare perspective to compare romiplostim with eltrombopag and SoC. The model was driven by platelet response (platelet count C50 9 10 9 /L), which determined effectiveness and progression along the treatment pathway, need for rescue therapy (e.g. intravenous immunoglobulin [IVIg] and steroids) and risk of bleeding. Probability of response, mean treatment duration, average time to initial response and utilities were derived from clinical trials and other published evidence. Treatment sequences and healthcare utilization practice were validated by Irish clinical experts. Costs were assessed in € for 2011 and included drug acquisition costs and costs associated with monitoring patients and management of bleeding, as available from published Irish reimbursement lists and other relevant sources. Deterministic and probabilistic sensitivity analyses were conducted. Results Romiplostim treatment resulted in an average of 20.2 fewer administrations of rescue medication (IVIg or intravenous steroids) over a patient lifetime than eltrombopag, and 29.3 fewer rescue medication administrations than SoC. Romiplostim was dominant, with cost savings of €13,258 and €22,673 and gains of 0.76 and 1.17 quality-adjusted life-years (QALYs), compared with eltrombopag and SoC, respectively. Romiplostim remained cost effective throughout a variety of potential scenarios, including short-term TPOra treatment duration (1 year). One-way sensitivity analysis showed that the model was most sensitive to variation in the cost of IVIg and use of romiplostim and IVIg. Probabilistic sensitivity analysis showed that romiplostim was likely to be cost effective in over 90 % of cases compared with eltrombopag, and 96 % compared with SoC at a willingness-to-pay threshold of €30,000 per QALY. Conclusions Use of romiplostim in the ITP treatment pathway, compared with eltrombopag or SoC, is likely to be cost effective in Ireland. Romiplostim improves clinical outcomes by increasing platelet counts, reducing bleeding events and the use of IVIg and steroids, resulting in both cost savings and additional QALYs when compared with current treatment practices.
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Electronic supplementary material The online version of this article (doi:10.1007/s40258-013-0044-y) contains supplementary material, which is available to authorized users. costs, primarily due to hospitalization required to manage bleeding events, drug costs and costs of surgical intervention [6] [7] [8] [9] , as well as having lower work productivity [7] .
Active treatment is recommended for adult ITP patients with platelet counts \30 9 10 9 /L, or 30-50 9 10 9 /L with bleeding or risk of bleeding [1, 2] . First-line treatment typically consists of a short course of glucocorticoids, intravenous immunoglobulin G (IVIg) or anti-D (Rho) immunoglobulin (anti-D), all of which target platelet destruction [2] . These treatments generally provide relatively short-lived platelet responses, with many patients requiring repeated high doses of corticosteroids to maintain a safe platelet count, at the risk of undesirable adverse effects. Second-line options include surgical splenectomy and various treatments based on immune suppression, including off-label treatment with the anti-CD20 monoclonal antibody rituximab [2] .
The thrombopoietin receptor agonists (TPOra) romiplostim and eltrombopag offer a different approach to treatment of ITP, by increasing platelet production [1, 2] . In Europe, both TPOra are approved for use in splenectomized adult patients who are refractory to other treatments (e.g. corticosteroids, IVIg), and as second-line treatment for those who are not candidates for splenectomy [10, 11] . As noted in an International Consensus Report, TPOra are the only ITP treatments with evidence of efficacy and safety from randomized controlled trials [2] .
Health technology assessment is becoming increasingly required in the decision-making process in Ireland. We therefore conducted a cost-effectiveness analysis of romiplostim for the treatment of chronic ITP in adult patients in Ireland, from an Irish national payer perspective. In line with the guidelines for economic evaluation in Ireland [12] , we considered only direct costs.
Methods

Patient Population and Model Structure
A treatment-sequence cost-utility model was developed to assess the cost effectiveness of romiplostim within its licensed indication for adult chronic ITP splenectomized patients who are refractory to other treatments (e.g. corticosteroids, IVIg), and as second-line treatment for adult non-splenectomized patients where surgery is contra-indicated. The patient cohort that was modelled had similar characteristics to patients from the romiplostim phase III trials [13] and individuals participating in an Irish survey [14] . A total of 50 % of patients were assumed to be splenectomized and 50 % non-splenectomized. The median age was 52 years, and 65 % were women [13] . Three treatment strategies were compared ( Fig. 1 ):
• romiplostim followed by current medical standard of care (SoC); • eltrombopag followed by SoC; • SoC, including rituximab.
As rituximab use in ITP is off-label, the base-case analyses assumed that TPOra were received before rituximab in this pathway. However, as some patients might receive romiplostim or eltrombopag after rituximab, this treatment pathway was tested in sensitivity analysis. After failing rituximab, patients moved on to azathioprine followed by mycophenolate mofetil and finally cyclosporine. The SoC pathway comprised rituximab (80 % of patients), azathioprine (59 %), mycophenolate mofetil (37 %) and cyclosporine (4 %).
A Markov model with embedded decision tree was used with a 4-week cycle and a lifetime time horizon, developed from the perspective of the Irish national healthcare payer. A lifetime time horizon was deemed to be the most appropriate, since adult ITP tends to be a chronic disease; the 4-week cycle was used to match the evaluation schedule used in the long-term extension study [15] . Costs and outcomes were discounted at a 4 % annual rate, as recommended by the Health Information and Quality Authority (HIQA) in Ireland [12] . The treatment sequence used in the model was based on the findings of a 2008 survey of 169 UK clinicians [16] , and was updated by two Irish clinicians to be applicable for Ireland [17] .
The model was driven by platelet response (platelet count C50 9 10 9 /L), which determined effectiveness and progression along the treatment pathway, need for rescue therapy (IVIg and steroids) and risk of bleeding (Fig. 2) . Patients started on the first treatment in the pathway and progressed to the next treatment if they did not have an initial response or if they relapsed (platelet count \50 9 10 9 /L) after responding. Each relapse on active treatment, determined by platelet count \50 9 10 9 /L, was followed by a period of 'watch and rescue' before initiating the next active treatment. Long-term treatment (keeping patients on active therapy for as long as they had a continued response) was modelled in the base case, and short-term treatment (1 year only) with romiplostim and eltrombopag was tested in a sensitivity analysis.
Clinical Inputs
Clinical efficacy data and utilities were derived from clinical trials, an International Consensus Report [2] and other published evidence.
The efficacy of each treatment within the model was characterized by three parameters (Table 1 ):
• probability of initial platelet response (C50 9 10 9 /L); • average time to initial response;
• treatment duration after initial response (treatment failure defined as platelets \50 9 10 9 /L for 4 consecutive weeks) [i.e. durability of response].
Efficacy data for romiplostim were taken from the pivotal phase III trials reported by Kuter et al. [13] and a subsequent long-term extension study [15] . The parallel, multicentre, double-blind, placebo-controlled phase III trials were conducted in splenectomized and non- In order to facilitate a comparison with eltrombopag, an odds ratio calculated by Bayesian meta-regression [18] was used to derive relative response rates for eltrombopag versus romiplostim (using romiplostim data from the clinical studies mentioned above) [13] , as shown in Online Resource 1, Table 1A . The Bayesian meta-regression used a logit model to indirectly compare the two TPOra, accounting for differences in study effect, treatment effect and the effect of splenectomy. In a sensitivity analysis, use of the unadjusted response rate of 57 % for eltrombopag [18] was also tested. The response rates for all other treatments were obtained from published literature (see Table 1 ). The time to response for each intervention was assumed to be equal to the maximum response time cited in the International Consensus Report (see Table 1 ) [2] .
It was assumed that all patients who initiated therapy received treatment throughout this time-to-response period, with the exception of rituximab, which was given as a single course. Treatment duration (time to platelets \50 9 10 9 /L) was modelled for all treatments by retrospectively fitting survival curves to available data. For romiplostim, this was based on the reported number of patients who were still on-treatment (or withdrew from the study for reasons other than treatment failure) at each 12-week interval in the 24-week trial and subsequent long-term, open-label, extension study (using data for up to 288 weeks and taking censoring into account) [13, 15] . Weibull, logNormal, log-logistic, exponential and Gompertz survival curves were fitted to these data to allow extrapolation. The mean duration of romiplostim treatment was estimated by calculating the mean of the log-Normal function, which was the best-fitting curve according to the Akaike Information Criterion (AIC) (Table 2A, Figure 1A /L, dead] evaluated in 4-week cycles). GI gastrointestinal, W&R watch and rescue, Tn current treatment, Tn ? 1 next treatment in sequence mean treatment duration for eltrombopag, using the results of the ongoing EXTEND (eltrombopag extended dosing) study [19] . Based on the reported number of patients who were still on-treatment or who dropped out for reasons other than treatment failure, assuming a constant rate of patient dropout and taking censoring after 2 years into account, the log-Normal function was used to estimate the mean treatment duration [20] . Again, the log-Normal function was also the best-fitting curve based on the AIC (Table 2A , Figure 1A , Online Resource 1). For all other treatments, treatment duration was modelled by fitting exponential curves through any available data points from papers identified within the literature review that reported the proportion of patients still responding over time.
While adverse events play a significant role in the treatment of ITP, they were not included in the model due to limited evidence available on the rates of events and their impact on costs and QOL.
Bleeding Events and Rescue Medication Use
In the phase III romiplostim clinical trials, a proportion of non-responders (i.e. patients with a platelet count \50 9 10 9 /L) received rescue medication. It is noteworthy that whilst a platelet count of C50 9 10 9 /L was targeted in these trials, no clinically significant bleeding occurred when platelet counts were [20 9 10 9 /L [21] . The probability of experiencing bleeding was based on clinical trial data: patients who had a platelet count C50 9 10 9 /L were assumed to have a 12.64 % per-cycle probability of an outpatient bleed (i.e. not requiring hospitalization) and a 0.30 % per-cycle probability of an inpatient bleed (requiring hospitalization) [21] . Corresponding per-cycle probabilities for patients with a platelet count\50 9 10 9 /L were calculated as 40.77 and 3.69 %, respectively [21] . Among patients with an inpatient bleed, it was assumed that 7 % experienced intracranial haemorrhage, 21 % experienced a gastrointestinal bleed and 71 % experienced another type of bleed [21] . Similarly, for each cycle, it was assumed that 40 % of patients with a platelet count \50 9 10 9 /L would receive IVIg, while 8 % would receive intravenous corticosteroids, for treatment of inpatient or outpatient bleeding, or for bleeding prevention [21] . As anti-D is not available in Europe, all patients who received anti-D were assumed to receive IVIg (which has a similar response rate to that of anti-D) [2] .
Mortality
The model included combined mortality resulting from serious bleeding and all-cause mortality. All-cause mortality for patients was based on Irish life tables [22] . The mortality risks associated with each type of bleed were based on an analysis of the American Nationwide Inpatient Sample (NIS) from 2003 to 2006 [9] .
Utility
Utilities were taken from a time trade-off (TTO) survey [23] conducted in the UK. The survey used TTO analysis to directly measure the utility values for patients with ITP, as perceived by 359 members of the general public, and defined by five health states:
1. sufficient platelets (C50 9 10 9 /L) with no outpatient bleed; 2. sufficient platelets with an outpatient bleed; 3. low platelets (\50 9 10 9 /L) with no outpatient bleed; 4. low platelets with an outpatient bleed; 5. intracranial haemorrhage.
An outpatient bleed refers to bleeding treated at a clinic, health centre or general practice. For the remaining health states used within the model (platelets \50 9 10 9 /L and gastrointestinal bleeding and platelets \50 9 10 9 /L and other bleeding), a utility value of 0.54 was used [24] . The utilities were derived from cardiovascular patients who experienced stroke, as ITP-specific data were not available. EQ-5D utility values were available from the phase III romiplostim clinical trials [13] , with data from 117 patients pooled across placebo and romiplostim arms, under the conservative assumption that there is no treatment effect on utility [25] . The TTO utility values [23] were used in the base case (due to the larger sample size) and use of EQ-5D values (n = 117) was investigated in sensitivity analysis ( Table 2) . [12] . The model considered drug acquisition and costs associated with monitoring patients and management of bleeding. Resource use and costs were derived from the International Consensus Report [2] , published Irish reimbursement lists, individual summaries of product characteristics (SPCs) [10, 11] , real-life observational data [26] and other relevant sources (Table 3) . Healthcare utilization, such as frequency of physician and nurse visits, was validated by Irish clinicians [17] . The cost of bleeds was estimated by taking a weighted average of the relevant cost with and without complications. The base-case model assumed that patients received each treatment that they initiated for as long as they continued to respond, with the exception of rituximab, which was assumed to be given for a single course only.
Where 2011 values were not available, costs were inflated using the health inflator derived from Central Statistics Office Ireland [12] . The cost of IVIg was assumed to be €45 per g based on Irish clinical practice [17] -this is lower than the list price Hospitalization costs [68] Intracranial haemorrhage
€6,854
GI bleed (inpatient) €2,913
Other inpatient bleed €2,913
Outpatient bleed €149
a Cost of full 250-lg vial was included in the analysis GI gastrointestinal, IV intravenous, IVIg intravenous immunoglobin of €70.01 per g (based on a weighted average of the different available pack sizes) [27] . Uncertainty around the price of IVIg was tested within the model (€37.60-52.40). Although 70 % of patients self-administered romiplostim in the open-label extension study [15] , self-administration was not included in the model.
Model Outputs
For each of the three treatments (i.e. romiplostim, eltrombopag and SoC), the model calculated the following over the patient's lifetime:
• average number of administrations of rescue medication (IVIg or intravenous steroids); • average number of bleeds;
• average number of hospitalizations.
Corresponding total costs, quality-adjusted life-years (QALYs) and life-years (LYs) per patient, and the incremental cost-effectiveness ratio (ICER) for romiplostim, were calculated.
Sensitivity Analysis
Scenario analyses were conducted to test alternative scenarios in the model, addressing structural uncertainty. These included the following:
• treatment duration of TPOra for 1 year instead of lifelong; • placing TPOra after rituximab in the treatment pathway; • response rate of eltrombopag (impact of using the unadjusted response rate taken directly from the clinical trial vs. the adjusted response rate taken from the indirect comparison); • use of the EQ-5D as a source for utilities.
Deterministic sensitivity analysis was performed to identify the parameters to which the model was most sensitive, within their upper and lower bounds as defined by 95 % confidence intervals where possible, or with plausible variation around the base-case values. The deterministic sensitivity analysis was based on incremental net benefit, which was calculated as the incremental QALYs multiplied by the willingness-to-pay threshold, minus incremental costs. Probabilistic sensitivity analysis (PSA) was conducted using 1,000 iterations to examine parameter uncertainty over the entire model. The following parameters were included in sensitivity analyses: response rates, durations, bleeding and rescue medication use, utilities, the proportion of patients using each SoC treatment, drug, resource use and bleed costs, and patient demographics (Table 3A , Online Resource 1).
Results
Base Case
The base-case (lifetime time horizon) model results (Table 4) indicated that romiplostim treatment resulted in an average of 20.2 fewer administrations of rescue medication (IVIg or intravenous steroids) over a patient lifetime than eltrombopag and 29.3 fewer administrations than SoC. The mean cost saving resulting from the reduction in rescue medications associated with romiplostim was €148,118 when compared with eltrombopag and €214,565 when compared with SoC. Additionally, romiplostim was associated with an average of 6.7 fewer bleeds and 1.7 fewer hospitalizations than eltrombopag and 8.7 fewer bleeds and 2.4 fewer hospitalizations than SoC. The mean cost saving resulting from the reduction in bleeds (including hospitalizations) was, on average, €6,888 when compared with eltrombopag and €10,296 when compared with SoC.
In total, the introduction of romiplostim into the beginning of the current treatment sequence resulted, on average, in a cost saving of €13,258 versus eltrombopag and €22,673 versus SoC and was also associated with a QALY gain of 0.76 versus eltrombopag and 1.17 versus SoC. Romiplostim was therefore the dominant treatment, i.e. more effective at a lower cost, and associated with cost savings and QALY gains versus both eltrombopag and SoC.
Scenario Analyses
Several scenario analyses were conducted (Table 5 ). In the short-term (1 year) TPOra treatment scenario, romiplostim was associated with an average cost saving of €335 and a QALY gain of 0.10 versus eltrombopag; hence, the use of romiplostim remained dominant. When compared with SoC, romiplostim was, on average, associated with an additional cost of €895 and a QALY gain of 0.22. This resulted in an ICER of €4,155, indicating that the use of romiplostim remained cost effective.
The use of romiplostim after rituximab resulted in similar cost savings and QALY gains compared with both SoC and eltrombopag, the average cost saving increasing to €16,279 and €27,022 compared with eltrombopag and SoC, respectively.
Additional scenario analysis tested the effect of using the response rate of eltrombopag derived from the eltrombopag clinical trial (instead of the response rate from the Bayesian meta regression of romiplostim and eltrombopag) [18] . Romiplostim remained dominant over eltrombopag, despite using a higher eltrombopag response rate (57 vs. 35 %) [ Table 5 ].
Using the EQ-5D utility values resulted in a dominant ICER for romiplostim compared with both eltrombopag and SoC (Table 5 ).
Deterministic and Probabilistic Sensitivity
Analyses Figure 3 shows the results of the deterministic sensitivity analysis, presented as the incremental net benefit considering a willingness-to-pay threshold of €30,000 per QALY. The variables with the largest effect on the model were similar when comparing romiplostim with either eltrombopag or SoC. These were use of romiplostim, and the cost and use of IVIg. It should be noted that these findings are driven by the chosen ranges used in sensitivity analyses. No variables had an impact on the cost-effectiveness results at a threshold of €30,000 per QALY. PSA showed that, in the majority of cases, treatment with romiplostim was more cost effective than treatment with either eltrombopag or SoC (Fig. 4) . Romiplostim dominated both eltrombopag and SoC in over 66 % of cases, with a mean incremental net benefit of €35,823 (Figure 2A , Online Resource 1).
There was a 90 % probability that romiplostim was cost effective versus eltrombopag and a 96 % probability versus SoC at a threshold of €30,000 per QALY (Figure 2A , Online Resource 1).
Discussion
In phase III randomized, placebo-controlled clinical trials, the majority of patients treated with romiplostim achieved a platelet count of C50 9 10 9 /L, while bleeding events and the need for concurrent ITP therapies, including corticosteroids and rescue treatments, were reduced [13, 21, [28] [29] [30] . Long-term extension studies demonstrated that platelet responses were sustained during prolonged treatment periods of up to 5 years [15, 31, 32] , with use of glucocorticoids continuing to decrease [29] . The efficacy of romiplostim was also demonstrated in a European observational study [26] . The model presented here showed that romiplostim treatment was dominant, demonstrating better efficacy and cost savings than both eltrombopag and SoC. Savings were achieved through the higher response rates associated with romiplostim, which led to a reduction in bleeding-related episodes, including the use of rescue therapies. Romiplostim remained dominant throughout a variety of potential scenarios, including short-term (1 year) treatment with TPOra, placement after rituximab, use of unadjusted response rates for eltrombopag and the use of an alternative source for utility values. The model was most sensitive to assumptions surrounding the use of romiplostim, IVIg and steroids, and the duration of response to romiplostim. Nevertheless, romiplostim remained cost effective for all model parameters. PSA showed that romiplostim was likely to be cost effective in over 90 % of cases versus eltrombopag and 96 % versus SoC at a willingness-to-pay threshold of €30,000 per QALY.
The results of this cost-effectiveness analysis were dependent on Irish treatment practice and the healthcare system. Although the driver of the cost-effectiveness results was the efficacy of romiplostim, transferability of the results to other countries is subject to local costing and healthcare systems. Romiplostim has been shown to be cost effective compared with SoC and rituximab in other countries. In Canada, a net cost impact model showed that romiplostim is less expensive to prepare and administer than IVIg and is associated with lower indirect costs from a Canadian healthcare perspective [33] . Romiplostim was also associated with lower cost per response over 6 months when compared with rituximab from the French national health system perspective [34] and when compared with SoC in Spain [35] .
Although the results of our analysis were robust to multiple sensitivity analyses, several limitations need to be recognized. Direct comparison could not be made between romiplostim and eltrombopag due to a lack of head-to-head clinical trial data. Hence, estimates of comparative efficacy between the treatments were made using the indirect comparison recommended by Cooper et al. [18] . Uncertainty in this indirect comparison was assessed both in PSA and through scenario analysis. When the unadjusted response rates were used for both TPOra, romiplostim still provided better efficacy over eltrombopag, and remained cost saving. Additionally, clinical trial data for romiplostim and eltrombopag were comparatively better quality, and more recent, than the data for the other treatments (notably rituximab). Moreover, in some cases, published data for treatment pathways in Ireland were not available. Where this was the case, clinician validation by two Irish clinicians was used. Data from the USA have been used in estimating the mortality associated with ITP, as information was not available for Ireland or the UK. However, the impact of this parameter is limited, as one-way sensitivity analysis showed that it was not a key model driver.
The model was built from the perspective of the national healthcare payer in Ireland. The exclusion of a wider societal perspective could have underestimated overall costs associated with treatment. For romiplostim, because of more frequent nurse appointments associated with subcutaneous administration, indirect costs could include costs for time taken off work, transport and other out-of-pocket costs. However, the magnitude of these additional costs is uncertain, especially as a large proportion of romiplostim patients are able to administer romiplostim at home [15] . A lifetime time horizon was deemed to be the most appropriate, since adult ITP tends to be a chronic disease; the Fig. 4 Cost-effectiveness acceptability frontier for romiplostim, eltrombopag and standard of care. QALY quality-adjusted life-year 4-week cycle was used to match the evaluation schedule used in the long-term romiplostim extension study [15] . The base-case analyses assumed that TPOra were placed before rituximab in the treatment pathway and used according to their approved indication in Europe, i.e. adult patients with chronic ITP failing splenectomy or as secondline therapy in patients who have contraindications to surgery [10, 11] . We assumed that patients would receive, successively, azathioprine, mycophenolate mofetil and cyclosporine, after TPOra and rituximab. We did not include splenectomy in the model since it was assumed that all patients who were candidates for this procedure would already have been splenectomized.
It is important to note that the model was based on conservative assumptions. We assumed that only one course of rituximab was given, whereas the literature suggests that repeated courses may be needed to sustain response [2, 36] . The lack of inclusion of adverse events also represents a conservative assumption when comparing romiplostim with SoC. Available data indicate that romiplostim has a good safety profile [37] , particularly in comparison with currently available treatments that are based on immunosuppression, which may predispose patients to serious infections, a major cause of death in ITP patients [38] . However, the exclusion of adverse effects associated with romiplostim and other treatments may underestimate the overall treatment costs reported in this analysis.
Conclusions
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